Recently, we demonstrated that the enhancement of dielectronic recombination by an electric field, or crossed electric and magnetic fields, may be reduced by the interaction between resonances through a common continuum ͓Phys. Rev. Lett. 80, 1402 ͑1998͔͒. However, these calculations were carried out in a configurationaverage ͑CA͒ approximation and the question then remained as to how these predicted reductions might be affected when one removes the degeneracy inherent in the CA approximation and includes the interactions between the resonant states associated with individual intermediate-coupled levels. In the present paper we address that issue for the case of dielectronic recombination in the presence of an electric field. Indeed we have found that these more detailed calculations support the general conclusions of our earlier work and provide additional insight into the effects of interacting resonances on dielectronic recombination in the presence of fields. Results for the Li-like ions C 3ϩ , Ne 7ϩ , and Si 11ϩ are presented.
I. INTRODUCTION
In recent years there has been a significant number of high-resolution measurements of total electron-impact recombination. In general, these measurements have been in good agreement with theoretical calculations using the independent-processes, isolated-resonance approximation in which one ignores interference effects between radiative recombination and dielectronic recombination ͑DR͒ as well as between individual dielectronic resonances. A number of theoretical studies have considered the effects of the interactions between individual resonances ͓1-9͔ on dielectronic recombination. However, in the absence of external fields, no one has yet been able to demonstrate clearly that such interactions have any significant effect on total DR. When there are no external fields, only a small fraction of the total number of resonances can interact with each other through a common electron or photon continuum ͓5͔. In order to interact through the electron continuum, they must have the same parity and the same total angular momentum. In order to couple through the photon continuum, they must differ by no more than two units of angular momentum; in addition, they cannot couple through a core radiative transition unless they also exhibit strong configuration interaction and radiative coupling through the Rydberg electron can be appreciable only for relatively small values of the principal quantum number. Furthermore, those resonances that can interact must be separated by no more than a few times their natural widths in order to show any appreciable interference effects ͓5͔. All these factors significantly limit the importance of interacting resonances on total DR in a field-free environment.
With the introduction of static fields, things change significantly. It is now well known that an external electric field can cause a large enhancement of DR. This is due to the fact that the probability of recombination into doubly excited Rydberg states decreases rapidly with the angular momentum l of the Rydberg electron. However, the electric field mixes Rydberg states that differ in l by one; this redistribution of angular momentum then opens up many more channels for recombination and thereby increases the DR cross section.
More recently it has been demonstrated that additional enhancement of DR occurs with crossed electric and magnetic fields ͓10,11͔. In the presence of an electric or a magnetic field alone or parallel electric and magnetic fields, M is a good quantum number and the probability of recombination falls off rapidly with M. However, when the magnetic field has a component perpendicular to the electric field, states that differ in M by one mix; this redistribution of magnetic quantum numbers opens up still more channels for recombination and further enhances the DR cross section.
This mixing of states in the presence of fields can also cause a significant increase in the interaction between dielectronic resonances through a common continuum. For example, since the electric field mixes states of opposite parity and states that differ by one in the total angular momentum, many more states can interact through a common continuum. Furthermore, the field-mixed states in the presence of relatively small electric fields are sufficiently closely spaced that many of the resonances are overlapping ͑i.e., their widths are larger than the energy spacing͒.
Indeed, in an earlier study ͓12͔, we employed a configuration-average ͑CA͒ approximation to demonstrate that interactions through common continuua can substantially reduce the enhancement of DR by electric and crossed electric and magnetic fields. However, all the levels of a given doubly excited configuration are treated as a single entity in these CA calculations; therefore, they do not include the interactions between the resonant states associated with individual levels. It was then essential to examine how the removal of this degeneracy between levels of a configuration would affect the magnitude of these interactions and thereby our general conclusions regarding the importance of interfering resonances to field-enhanced DR. In this paper we have done that by considering the effects of interacting resonances on dielectronic recombination in an electric field, using a full level-to-level intermediate-coupling ͑IC͒ approach.
The remainder of this paper is arranged as follows. In the next section we present a summary of the theoretical methods that are employed. In Sec. III we consider the Li-like ions C 3ϩ , Ne 7ϩ , and Si 11ϩ and present the results of our intermediate-coupled total DR cross section calculations for these ions with and without the inclusion of interacting resonances. We also compare our IC results for C 3ϩ and Si 11ϩ with our earlier CA DR cross sections. Finally, in Sec. IV, we summarize our findings and discuss their implications.
II. THEORETICAL METHODS
In our earlier paper on this subject ͓12͔ we gave a brief development of interacting resonance theory leading to the calculation of dielectronic recombination in the CA approximation. Here we repeat that theoretical development, focusing on the specific form of these equations that applies to our present treatment of the individual doubly excited levels in intermediate coupling.
We employ the projection operator technique ͓13,14͔ in which the Schrödinger equation may be written as three coupled equations
where the total Hamiltonian HϭH 0 ϩVϩD and the projection operators PϩQϩRϭ1. The Hamiltonian H 0 represents the electron-nuclear interactions and the configuration-average portion of the electron-electron interactions; V includes the residual electron-electron interactions, the spin-orbit interactions, and the electron interactions with the external electric field; and D represents the interaction of the electrons with the radiation field, which in the dipole approximation is given by Dϭͱ2 3 /3c 3 ͚ i r ជ i , where is the frequency of the emitted radiation and c is the speed of light. P projects onto states of N bound electrons, one continuum electron, and no photons and is expanded in a basis set consisting of the solutions to the configuration-average Hartree-Fock ͑CAHF͒ equations for the N bound electrons and the configuration-average distorted-wave ͑CADW͒ equations for the continuum electron. Q projects onto doubly excited autoionizing states of Nϩ1 ''bound'' electrons and no photons and is expanded in a basis set consisting of the solutions to the CAHF equations for these autoionizing states. Finally, R projects onto the ground and bound excited states of Nϩ1 bound electrons and one photon and is expanded in a basis set consisting of the solutions to the CAHF equations for these states. In Eq. ͑1͒ we have ignored continuumcontinuum coupling either by the electron-electron interaction ( PVPϭ0) or the radiation field ( PDPϭ0) since we employ distorted waves. In addition, we have not included the coupling of the continuum channels directly to the Nϩ1 bound electrons in either Eq. ͑1͒ ( PDRϭ0) or Eq. ͑3͒ (RDPϭ0) since we are not interested in radiative recombi-nation. In Eq. ͑2͒ we also ignore cascades among the doubly excited autoionizing levels (QDQϭ0). Finally, in Eq. ͑3͒ we ignore the detailed level structure of the bound electrons (RVRϭ0), although in the case of the Li-like ions considered here, we do correct the energies of the doubly excited bound levels of the type 2pnl for the spin-orbit interaction of the 2 p electron.
We see from Eq. ͑1͒ that P⌿ϭ P ϩ ϩ(E Ϫ PH 0 P) Ϫ1 PVQQ⌿ and from Eq. ͑3͒ that R⌿ϭ(E ϪRH 0 R) Ϫ1 RDQQ⌿; thus we may formally solve for Q⌿ by substituting these into Eq. ͑2͒:
Here the Hamiltonian H is given by
and ϩ is a wave function consisting of CAHF solutions for the N bound electrons plus a CADW solution for the continuum electron, which satisfies the outgoing-wave boundary conditions; in the above notation, ϩ corresponds to the homogeneous solution of Eq. ͑1͒. The matrix element for DR is given by
Mϭ͉͗RDQ͉Q⌿͘, ͑6͒
where is a solution to the CAHF equations for the final (Nϩ1)-electron bound states; in the above notation, it corresponds to the homogeneous solution of Eq. ͑3͒. Substituting Eq. ͑4͒ into Eq. ͑6͒, we find that the matrix element for DR from a state i of the initial level plus the continuum electron to a final bound state f is given by
The DR cross section is proportional to ͉M f i ͉ 2 . However, before applying this equation, we must first analyze the Hamiltonian H in terms of a basis set of the doubly excited autoionizing states. We choose the set ͉ ␣ ͘, which consists of the solutions of the configuration-average Hartree-Fock equation
and in our work will be represented in pure j-K coupling for each of the degenerate levels ␣ of a given doubly excited configuration. In the pole approximation for outgoing waves, we may express the matrix elements of H in this basis set in terms of the generalized autoionizing rates ⌫ ␣␤ a and the generalized radiative rates ⌫ ␣␤ r as
In Eq. ͑10͒ the continuum wave function is normalized to one times a sine function and k is the linear momentum of the continuum electron. The diagonal elements of ⌫ ␣␤ a and ⌫ ␣␤ r are the total autoionization and total radiative rates in atomic units evaluated in pure j-K coupling; it is important to note that they do not include the effects of intermediate coupling or field mixing. The DR cross section to go from state i to state f may then be written as
We now consider the eigenvalues and eigenvectors of the complex matrix H ␣␤ :
Since H ␣␤ is not Hermitian, the eigenvalues will be complex and with the outgoing wave boundary conditions, the imaginary part of the eigenvalues will be negative. However, since H ␣␤ is symmetric, the eigenvectors must be orthogonal and they can also be normalized to one so that
One can now transform the Green's function to the space described by the complex eigenvalues and eigenvectors of Eq. ͑12͒ using the equation
͑14͒
We then obtain the expression for the cross section
In order to evaluate the total DR cross section from the initial level of the ion, we sum over the final bound states f of the (Nϩ1)-electron ion and average over the initial states of the N-electron ion plus the continuum electron to obtain
where g is the statistical weight of the initial level of the ion, the factor of 2 in the denominator is the statistical weight of the continuum electron, and ⌫ Ј a and ⌫ Ј r are the generalized autoionizing and radiative rates, respectively, evaluated in the basis set formed from the eigenvectors of H ␣␤ . They are given by
and are complex and include the effects of intermediate coupling, electric-field mixing, and interacting resonances ͓15͔. Finally, we convolute this total cross section with a weight function W(E,E 0 ), which has an energy width much greater than the imaginary parts of E :
In using the residue theorem to evaluate this integral, we average over two possible contour integrals, one in the upper half, of the complex plane and the other in the lower half, to obtain the approximate result
In this paper we will present the results of the total cross section integrated over the energy of the doubly excited states of a particular prinicipal quantum number n of the Rydberg electron. To do this we use a weight function of width ⌬E larger than the largest energy spread of the doubly excited states within any n manifold and with a constant magnitude equal to 1/⌬E. We then obtain the following result for ⌬E:
where the double sum over and Ј is now over all eigenvectors of H ␣␤ within a given n manifold. Although it is not obvious from this equation, it is quite straightforward to show that the double sum in Eq. ͑21͒ is purely imaginary so that the cross section will be real, as required. Equation ͑21͒ is the primary working equation of this paper; however, for comparison we have also evaluated the total DR cross sections for a given value of n using the isolated resonance approximation
where the sum over j is over all doubly excited resonant states within the n manifold. Here we use the symbols A j a and A j r to represent the intermediate-coupled, electric-field mixed autoionizing and radiative rates for a given doubly excited resonance state j; they are calculated in the isolated resonance approximation from the expressions
where Y ␤ j are the real eigenvectors of the Hamiltonian with matrix elements given by the real parts of Eq. ͑9͒.
It should be pointed out that for simplicity in the above equations, we have not distinguished between the total autoionizing rates to the states of the initial level of the Nelectron ion and the total rates to the states of all lower levels of the N-electron ion. However, for the Li-like ions considered here, the only autoionizing transitions are to the single initial level 2s 2 S 1/2 since we do not include values of n high enough that the intercombination transitions from 2 p 3/2 nl to 2p 1/2 are possible. The programs that we employ to make these calculations do make these distinctions and therefore can be applied to a more general case.
We have carried out calculations of total DR in an electric field in the isolated-resonance approximation from Eq. ͑22͒ using our program DRFEUD, which is described in detail by Griffin et al. ͓16͔. We have also developed a modified version of that program to perform calculations of total DR in an electric field with the inclusion of interacting resonances using Eq. ͑21͒.
The calculations performed using interacting-resonance theory are tractable in the presence of an electric field, even though one must repeatedly diagonalize a complex Hamiltonian for each possible value of the magnetic quantum number M. However, we are not able to consider similar calculations in the presence of crossed electric and magnetic fields. The reason is that since M is no longer a good quantum number, the matrices that must be diagonalized using a full IC approach are extremely large ͓11͔, and performing diagonalizations of a complex Hamiltonian for such a system is not feasible at the present time. However, these IC, electric-field calculations should shed some light on the validity of our earlier CA, interacting-resonance theory calculations of DR in the presence of crossed electric and magnetic fields ͓12͔.
III. RESULTS OF CALCULATIONS
We now present our results for the Li-like ions C 3ϩ , Ne 7ϩ , and Si 11ϩ . The ions C 3ϩ and Si 11ϩ were considered in our CA calculations ͓12͔ and Ne 7ϩ was added in order to provide more detail regarding the variation of these effects as a function of ionization stage.
In Fig. 1 we show the values for ͗ DR n,tot ͘ ⌬E for C 3ϩ calculated using Eqs. ͑21͒ and ͑22͒ as a function of n for electric fields of 2 V/cm and 20 V/cm. For comparison, we also display the no-field results, calculated in the isolatedresonance approximation. We see that with a relatively small electric field of 2 V/cm, the quantity ͗ DR n,tot ͘⌬E, calculated in the isolated-resonance approximation, increases rapidly with n from nϭ12 to nϭ22 and then increases more gradually up to about nϭ30, where it begins increasing more rapidly again. However, the values of ͗ DR n,tot ͘ ⌬E, calculated with the inclusion of interacting resonances, are significantly reduced compared to the isolated-resonance values and they increase very gradually throughout this range of n. The reduction due to the effects of interacting resonances is about 40% at nϭ40. However, when the field is increased to 20 V/cm, the effects of interacting resoances are much less dramatic and the reduction at nϭ40 for this field is only about 17%. In general, as the electric field becomes larger, the significance of the interactions between the resonances is reduced; the states are sufficiently spread out in energy by the larger field that fewer of the resonances are overlapping. Another way to demonstrate these effects as a function of field strength is provided in Table I . There we give the values of ͗ DR tot ͘ ⌬E for C 3ϩ , integrated over an energy range from nϭ25 to nϭ38 as a function of electric-field strength. We show separately in this table the results for the 2p 1/2 nl and 2 p 3/2 nl resonances as well as the totals. Finally, we compare our results with those obtained from the CA approximation in Ref. ͓12͔ . We first see that, in the absence of the electric field, the effects of interacting resonances are of the order of 2Ϫ3 %. These very small effects are what we would expect on the basis of the arguments presented in Sec. I.
These integrated values of ͗ DR tot ͘ ⌬E, calculated in the isolated-resonance approximation, for the 2 p 1/2 nl and 2 p 3/2 nl resonances show quite different behavior as a function of electric-field strength. In the case of the 2 p 1/2 nl resonances, the cross section increases dramatically as the field is increased from 0 V/cm to 2V/cm and then increases only slightly as the field strength is further increased. On the other hand, the cross section for the 2p 3/2 nl resonances increases rather gradually with field strength. This difference in behavior as a function of electric field is due solely to the differences in the atomic structure of these two sets of resonances. The 2p 3/2 nl levels are spread out by the direct electrostatic quadrupole interaction as well as the smaller exchange terms and the spin-orbit interaction of the nl electron. However, there is no direct quadrupole interaction within the 2 p 1/2 nl levels; thus these resonances are much more nearly degenerate and a very small electric field will have a pronounced effect on the DR cross section for these resonances. We also see from the lower portion of Table I that a similar variation with field strength is displayed by the CA cross sections, calculated in the isolated-resonance approximation. This would be expected since the levels of 2 pnl are completely degenerate in the CA approximation.
We also see from this table that the effects of interacting resonances are more pronounced for the 2p 1/2 nl resonances than for the 2p 3/2 nl resonances for all but the highest two field strengths; in fact, at 2 V/cm, the reduction in the cross section due to interacting resonances is about 56% for the 2p 1/2 nl resonances as compared to only 12% for the 2p 3/2 nl resonances. This is again due to the fact that the 2p 1/2 nl resonances are more nearly degenerate, leading to many more overlapping resonances than in the case of the 2 p 3/2 nl resonances. These data also show how the effects of interacting resonances become less significant as the field strength increases.
Although we originally predicted that the effect of interacting resonances might be less pronounced in a full IC calculation than in a CA calculation ͓12͔, as can be seen from Table I , this is only true at the lowest two field strengths. At the higher field strengths the effect is actually larger in these much more detailed calculations.
In Figs. 2 and 3 we show our values of ͗ DR n,tot ͘⌬E as a function of n for Ne 7ϩ and Si 11ϩ . The Stark matrix elements tend to go off as the inverse of the charge of the ion, while the separation of levels with different l and the same n and the electron-electron matrix elements tend to increase linearly with the charge of the ion; finally, the spin-orbit interaction tends to increase as the fourth power of the ion charge ͓17͔. Thus we have used larger fields as we consider more highly ionized species in order to show comparable effects.
In the case of Ne 7ϩ we compare results for fields of 5 V/cm and 100 V/cm, while for Si 11ϩ we compare results for fields of 10 V/cm and 150 V/cm. We see that these curves are quite similar to those in Fig. 1 for C 3ϩ ; the primary difference is that, at the lowest field strength, we do not see the rapid increase in the isolated resonances values of ͗ DR n,tot ͘⌬E in the lower values of n that is seen in the case of C 3ϩ . Again the effect of interfering resonances in these ions is much more pronounced at the lower field strengths.
In Tables II and III we present the values of ͗ DR tot ͘⌬E for Ne 7ϩ and Si 11ϩ , again integrated over an energy range from nϭ25 to nϭ38, as a function of electric-field strength. In these two ions, interacting resonances reduce the cross section by only about 1% in the absence of a field. We also see a more gradual increase in the isolated resonances cross sections for the 2 p 1/2 nl resonances with field strength, especially in the case of Si 11ϩ . This is primarily due to the fact that the 2 p 1/2 nl resonances are somewhat less degenerate for higher charge states. However, in both of these ions, the effects of interacting resonances remain more pronounced for the 2p 1/2 nl resonances than for the 2p 3/2 nl resonances. We also see in Table III that the CA isolated-resonances cross sections for Si 11ϩ increase much more gradually with field strength than is the case for C 3ϩ ; this is due to the increase with charge state in the separation between doubly excited configurations with the same value of n and different values of l. Finally, we see from Table III that in Si 11ϩ the effects of interacting resonances, calculated in the IC approximation, are more significant than for those calculated in the CA approximation at all field strengths.
In order to provide a final comparison of our IC calculations with our earlier CA calculations, we show in Fig. 4 the ratios IC c ⌬E/ CA c ⌬E, integrated over an energy range including all states from nϭ25 to nϭ38, as a function of the electric-field strength. The results in Fig. 4͑a͒ are for C 3ϩ and were calculated from the data in Table I , while the results in Fig. 4͑b͒ are for Si 11ϩ and were calculated from the data in Table III . As can be seen, the variation of these ratios with field strength is more significant for C 3ϩ ; this might be expected since DR cross sections are more sensitive to the details of the level structure for lower stages of ionization. It is well known that in the absence of fields and in the isolated resonance approximation, CA calculations often overestimate total DR cross sections; with the inclusion of electric fields and interacting resonances this becomes somewhat more pronounced.
IV. CONCLUSIONS
Although our earlier work using the CA approximation predicted that interacting resonances would significantly reduce the enhancement of DR by static fields, it was essential that the magnitude of these effects be investgated using a full IC approach. This has now been accomplished for the case of DR for Li-like ions in a static electric field; the effects are found to be even larger than were indicated by our earlier CA calculations, except for the lowest fields in the lowest charge state considered. As the electric-field strength is increased, the magnitude of the effects of interacting resonances decreases; however, it does so rather gradually. Thus it is only in the presence of very strong electric fields that we would expect the isolated-resonance approximation to provide accurate estimates of electric-field enhanced DR in these ions.
Furthermore, we have discovered that the effects of interacting resonances are much more significant in the more nearly degenerate 2 p 1/2 nl resonances than in the 2 p 3/2 nl resonances, where the direct quadrupole interaction causes a wider energy spread. This suggests that in those ionic sys- FIG. 4 . Ratios IC c ⌬E/ CA c ⌬E ͑where the the cross sections are integrated over an energy including all states from nϭ25 to n ϭ38) as a function of electric-field strength F. The ratios in ͑a͒ are for C 3ϩ and are calculated from the data given in Table I , while the ratios in ͑b͒ are for Si 11ϩ and are calculated from the data given in Table III. tems where the levels of a given doubly excited configuration are more uniformly spread out, the effects of interacting resonances may reduced from what we have determined for these Li-like ions. However, the inclusion of electric field mixing and interacting resonance theory in calculations of DR in more complex ionic species, where there may be less degeneracy in the levels, would be a very formidable task indeed.
Because of the size of the complex matrices involve, we are not able to investigate these effects in Li-like ions for crossed electric and magnetic fields. Our earlier work using the CA approximation shows that the size of the reduction due to interacting resonances is more significant when a crossed magnetic field is included. Based on our present work with an electric field, we would predict that these CA calculations give a lower limit to the size of the reductions in crossed fields and a full IC calculation for this case would lead to even larger reductions. Furthermore, one might expect from the ratios given in Fig. 4 for DR in the presence of an electric field alone that the actual magnitude of the CA DR cross sections for Li-like ions in the presence of crossed fields might be reduced by about 25-40 % if a full IC calcu-lation could be peformed, depending on the charge state and the strength of the fields. This all demonstrates that detailed theoretical analyses of ongoing experiments of DR in storage rings remain a formidable problem in atomic physics. In all of these experiments there are crossed electric and magnetic fields in the interaction region. A complete theoretical analysis would then require a full intermediate-coupling calculation with the inclusion of interacting resonances and crossed electric and magnetic fields. Even if this is accomplished, the problem of determining how these recombined ions evolve before entering the analysis region, where they are field ionized, will continue to complicate the situation ͓18͔.
